INTRODUCTION
Neurotransmitter release at synapses occurs when synaptic vesicles fuse with the plasma membrane at specialized release sites within the active zone (AZ). The number and availability of these release sites are critical factors that govern the ability of a synapse to sustain release during neural activity (Neher, 2010; Silver et al., 2003; Wadel et al., 2007 ). Yet, the extremely small size of the AZs (at or below the resolution of conventional light microscopy; Stevens, 1997, 1999) has thus far prevented measuring these fundamental parameters in small central synapses. Moreover, since quantal vesicle release represents a unitary event of information transmission at synapses, models of information transmission in the brain critically rely on the assumption of the number of vesicle release sites in individual synapses and the site reuse capacity (Neher, 2010; Pan and Zucker, 2009; Rotman et al., 2011) . Current estimates for the number of vesicle fusion sites in central synapses come predominately from fluctuation analysis of release, leading to the conclusion that the number of release sites corresponds closely to the morphologically defined number of AZs or boutons (Korn et al., 1981; Neher, 2010; Silver et al., 2003) and that each AZ contains a single or a very small number ($3) of release sites (Neher, 2010; Stevens and Wang, 1995; Trigo et al., 2012) . However, no direct measurements of the number of vesicle fusion sites within small central synapses that typically contain a single AZ Stevens, 1997, 1999 ) have been performed thus far.
Moreover, whether the spatiotemporal properties and/or reuse of fusion sites are regulated by neuronal activity within individual small central synapses remains unknown. The spatial distribution of release sites among different AZs has recently been analyzed at the neuromuscular junction (NMJ) (Gaffield et al., 2009; Melom et al., 2013) . This analysis demonstrated uniform vesicle fusion across hundreds of AZs within a terminal at low activity, but preferential fusion at a selective subset of AZs under strong stimulation suggested enhanced activitydependent reuse of these release sites at elevated activity levels. However, investigating how the spatiotemporal distribution of release sites is regulated within small central synapses has been hampered by the limited resolution of conventional imaging approaches.
Here, we sought to address these questions by examining spatiotemporal properties of individual vesicle release sites in hippocampal synapses. We employed a nanometer-precision imaging approach to detect individual release events with $27 nm precision in hippocampal boutons under physiological conditions. This approach has allowed us to examine fundamental spatiotemporal characteristics of release sites and to determine whether their properties are modulated by neuronal activity.
RESULTS

Vesicle Fusion Is Widely Distributed Across the Individual Active Zones in Small Central Synapses
To detect locations of vesicle fusion events in hippocampal synapses, we used an electron-multiplying charge-coupled device (EMCCD)-based single-particle imaging approach under widefield illumination (Jaqaman et al., 2008; Peng et al., 2012 ) that previously allowed us to track the motion of individual synaptic vesicles with nanometer accuracy (Peng et al., 2012) , in combination with a model-based computational framework that has been shown to produce reliable subpixel localization at a low signal-to-noise ratio (SNR) (Aguet et al., 2013) . Robust detection of single action potential (AP)-evoked release events was achieved within individual hippocampal synapses at 37 C using a pH-sensitive indicator pHluorin targeted to the vesicle lumen via vGlut1 (vGlut1-pHluorin) (Balaji and Ryan, 2007; Voglmaier et al., 2006; Kavalali, 2011, 2014) (Figures 1A-1E (J) Left: sample images and Gaussian fits of a stationary green fluorescent 40 nm bead (top) and a vesicle fusion event (bottom). Right: average width of the PSF d (half-width) obtained from Gaussian fits for beads or fusion events. ns, not significant. (K) Release site localization precision calculated as described in Thompson et al. (2002) . Scale bars represent 1 mm. uncertainty in single-particle measurements (Thompson et al., 2002) , we estimated the uncertainty in localization of fusion events in our measurements to be $20 nm ( Figure 1K ). This is in good agreement with the mean localization uncertainty of 26.6 ± 3.3 (SD) nm that we obtained with another widely used approach based on least-squares Gaussian fits of individual events (Aguet et al., 2013; Cheezum et al., 2001; Jaqaman et al., 2008) . We note that a subset of events had a SNR that was too low for precise localization and was rejected from further analysis. We used four complementary approaches to confirm that APevoked vGlut1-pHluorin puncta represent single-vesicle fusion events: (1) by comparing the average fluorescence changes of evoked and spontaneous fusion events that we found to be in close agreement ( Figures 1C-1H) ; (2) by estimating release probability in hippocampal boutons from these single event measurements to be $0.07 ( Figure 1E ), which is in close agreement with previous single-vesicle fusion measurements in these synapses (Balaji and Ryan, 2007; Kavalali, 2011, 2014) prevents vesicle reacidification and fluorescence decay following vesicle endocytosis, making fusion events appear in a staircase-like fashion typical of singlevesicle fusion events Kavalali, 2011, 2014 ) ( Figure 1I ); and (4) by determining that the AP-evoked vGlut1-pHluorin signal is compatible with an image produced by a sub-diffraction-limit object ( Figure 1J ), as determined by fitting the observed fluorescence signals in each synapse with a 2D Gaussian, which we found to be indistinguishable from the experimental estimate for the microscope point-spread function (PSF) that we obtained for 40 nm stationary fluorescent beads ( Figure 1J ). This later observation also implies that the fluorescence signal evoked by vesicle fusion did not disperse significantly during the acquisition time that followed the AP, 40 ms, allowing for precise fusion event localization.
We applied this approach to map the locations of vesicle fusion events in individual boutons using 1 Hz stimulation for 120 s. We observed that sequential AP-evoked fusion events were widely distributed throughout the individual boutons (Figure 2A ; Figure S1C ) with a median distance between two successive release events of 129.6 ± 0.04 nm (2,049 events from 16 coverslips from 5 independent cultures, Figure 2B ). The median distance between the most distant release events and the center of the fusion area in individual synapses was 144.8 ± 0.05 nm ( Figure 2C ), which is in good agreement with the morphological estimates for the linear dimensions of an AZ in these boutons (Schikorski and Stevens, 1997) . Indeed, most hippocampal excitatory synapses contain a single AZ (Schikorski and Stevens, 1997) . To examine further whether the observed fusion events are likely to occur within a single AZ, we estimated the dimensions of the release area in each bouton using a convex envelope of all fusion events detected within a bouton ( Figure 2D ). Size distribution of release area per bouton based on these measurements ( Figure 2E ) was similar to the morphologically defined AZ size in these synapses as determined by electron microscopy (EM) (Schikorski and Stevens, 1997) (Figure S2A ; see below regarding the influence of AZ tilt). These results indicate that our measurements are likely to represent release distribution across a single AZ in the majority of cases and suggest that vesicle fusion is not localized to a single/few release location(s) but rather is widely distributed across the individual AZs.
Synapses (and the AZs) are randomly oriented in culture relative to the optical axis and consequently our measurements represent a 2D projection of the AZ on the imaging plane. Additionally, the tilt of the AZ relative to the imaging plane may affect our fusion event detection since out-of-focus events have a broaden image and would be rejected if they do not satisfy the strict criteria of similarity to the PSF. We therefore examined to what extent the AZ orientation could affect our measurements using ''model'' images of fusion events approximated by 40 nm green fluorescent beads imaged at a range of distances from the image plane (±500 nm in 5 nm steps) ( Figure S2B ). Beads' intensity was reduced to match that of the real fusion events using bleaching prior to the measurements. Under the same detection criteria used for real fusion events, we could reliably detect ''model'' events only within 92 ± 2 nm from the imaging plane in the z direction ( Figure S2B ). Given that mean distance between subsequent fusion events in the xy plane is $130 nm ( Figure 2B ), this relatively shallow detection depth, together with our initial AZ selection requirement for having at least five events detected per AZ, effectively limits our analysis to a subpopulation of AZs that are largely in focus and therefore are nearly parallel to the imaging plane. Indeed, from the above measurements, we estimated the maximal acceptable AZ tilt to be $20 ( Figure S2B ), taking a value for the typical AZ linear dimensions as 250 nm (Schikorski and Stevens, 1997) . This is also in line with the above observation that our 2D estimates of the AZ area distribution is similar to values obtained from the 3D EMbased reconstruction ( Figure S2A ), further supporting the notion that our shallow detection depth effectively selects for the subset of AZs that are nearly parallel to the imaging plane. Given these considerations, to minimize contributions from AZs that are strongly tilted relative to the imaging plane and therefore are only partially in focus, only boutons with a minimum of ten detected events were used in all subsequent analyses.
Synaptic boutons in culture could occasionally be located in a close proximity, giving a false appearance of a single bouton in fluorescence measurements. To determine whether this limitation could affect our measurements, we estimated distances between neighboring boutons in our cultures based on the localization of vGlut1-pHluorin puncta evoked by strong stimulation (Figures S3A and S3B) . The mean distance between neighboring boutons was 1,970 ± 30 nm ( Figure S3B ), which is nearly an order of magnitude larger than the mean distance between most distant release events within individual boutons in our measurements ( Figure 2C ). Moreover, we used a focused ion beam scanning EM (FIB-SEM) 3D nanotomography of our cell culture to estimate distances between morphologically defined boutons ( Figures S3C-S3E ). Distances between the closest boutons in xy dimensions (along the coverslip) were in good agreement with the above estimates for the functionally defined boutons (Figures S3B and S3E) . Importantly, only $1% of boutons were located within 500 nm in xy dimensions; in comparison, the maximal distance between the most distant release events within individual boutons was below 500 nm in 95% of all vGlut1-pHluorin-expressing boutons ( Figure S3D ). Moreover, no boutons were detected above each other along the z axis at distances small enough for the two boutons to be in the focal plane simultaneously and overlap in xy projection ( Figure S3D ). It is thus highly unlikely that two neighboring boutons could be misidentified as one in our experiments. Therefore, our measurements correspond to individual synaptic boutons in the majority of cases.
In summary, our approach permits robust localization of individual fusion events at single AZs and suggests that vesicle fusion is widely distributed across the individual AZs in the hippocampal boutons.
Multiple Distinct Release Sites in Small Central Synapses
The number of vesicle release sites at an AZ is a fundamental synaptic parameter that remains undetermined. Our initial observations suggest that multiple distinct release sites are present in individual hippocampal terminals ( Figure 3A ; Figure S4A ). To estimate the number of release sites per terminal, we performed hierarchical clustering analysis of release events within individual terminals. In this analysis, the cluster diameter is defined by calculating the inconsistency coefficient (Wang et al., 2016) , giving the value for the natural cluster diameter in our data of 50 nm ( Figures S4B and S4C ). This value is in line with additional considerations that a combination of localization uncertainty ($20-27 nm) and maximal synapse displacement over our observation window ($25 nm; Figure S2C ) together limit our ability to distinguish release events at distances shorter than $45-50 nm, particularly for the later events in a recording. This value for cluster diameter is also in line with structural considerations that release events detected within the vesicle diameter ($50 nm) represent the same release site given the current understanding of AZ structure, suggesting tight vesicle packing at the AZ (Ackermann et al., 2015) . In agreement with our initial observations, this cluster analysis revealed a population of multiple discrete fusion sites with 8.74 ± 0.13 clusters per bouton (range 5-14, n = 178 boutons from 16 coverslips from 5 independent cultures) during the observation window ( Figures 3A and  3B ). Systematically varying the cluster diameter in the range of 30-70 nm did not strongly affect the observed number of clusters, which varied from 7.4 ± 0.11 to 10.7 ± 0.16 clusters for 70 nm and 30 nm cluster diameters, respectively (data not shown), indicating that our finding of multiple discrete release sites is highly robust in regards to selection of the clustering diameter. These release sites were reused repeatedly over a broad range of time intervals ( Figure 3C ). We observed that the proportion of release sites that were repeatedly reused increased with time from $15% for a small number of events (<10) to $70% in our extended (240 s long) records with >30 events (data not shown), indicating that the majority of the sites that we detect are eventually reused with time.
To examine the spatial properties of these fusion sites further, we determined the cluster-to-cluster distances within individual AZs as well as the distance from each cluster to the center of the fusion area. Clusters were distributed throughout the boutons with mean inter-cluster distance of 182.5 ± 0.8 nm ( Figure 3D ) and without noticeable preference between the AZ center versus its periphery ( Figure 3E ). Together, these results indicate that multiple discrete release sites are present within hippocampal synapses well beyond previous estimates of $1-3 (Neher, 2010) . These findings are in line with the computational simulations of release at realistic AZs, in which the presence of $5-11 release sites was assumed based on EM studies, and were able to reproduce experimentally observed features of neurotransmitter release, including cooperativity, release probability, and kinetics (Keller et al., 2015) .
Can the appearance of multiple distinct fusion sites arise from random distribution of fusion events that occur anywhere in the AZ but appear clustered due to the limited AZ dimensions rather than from a set of defined and repeatedly reused fusion locations? To address this question, we simulated the random distribution of release events within a subset of AZs that we recorded from, as described previously (Keller et al., 2015) . We then compared the results of clustering analysis performed in the same AZs either with experimentally observed distribution of fusion events or with the same number of simulated events distributed randomly (Figures S4A and S4D) . We found that randomly distributed release events result in a very different pattern of clustering than experimentally observed events, with a significantly larger number of clusters in all AZs that we examined ( Figures S4D and S4E , p < 0.001, t test) and a strongly reduced number of fusion events per cluster (Figure S4F , p < 0.001, two-sample Kolmogorov-Smirnov [K-S] test). Random distribution of release events therefore does not reproduce the observed features of real release event clusters. This analysis suggest that the observed clusters do not arise from random distribution of release events but rather represent a set of defined and repeatedly reused fusion sites within the AZs.
Finally, to make sure that the appearance of multiple fusion sites does not reflect a slow displacement of the whole synapse that is known to occur on a timescale of minutes (Lemke and Klingauf, 2005) , we examined whole-synapse displacement during our observation time period. Synapses were visualized by transfecting neurons with PSD95-YFP; Gaussian fit-based localization of PSD95-YFP puncta over time indicated that whole-synapse motion remained below $25 nm for at least 120 s ( Figure S2C ), which is comparable to the localization uncertainty of our algorithm ( Figure 1K ). Whole-synapse displacement therefore does not contribute significantly to fusion site measurements. Moreover, we detected fusion events at the same location at intervals as long as 120 s (Figure 3C ), further supporting a lack of significant whole-synapse displacement. In addition, our data showed no evidence of time-dependent change in the average distance between consecutively detected vesicle fusion events ( Figure 2B ), indicating stability of our measurements over the observation time. The distances of the release sites to the AZ center that we obtained here are also in close agreement with the previous estimates for fusion event locations obtained using sparse labeling of vesicles with Q-dots (Park et al., 2012) . We note that because the sub-population of AZs imaged in our experiments are somewhat tilted in respect to the imaging plane ( Figure S2B ), the actual distances between the release sites and the number of release sites per AZ that we detected in 2D projection somewhat underestimate the real 3D values. Together, these results indicate that we can robustly detect multiple distinct vesicle fusion sites within individual central synapses.
Spatiotemporal Properties of Release Sites Are
Modulated in an Activity-Dependent Manner How activity regulates fusion site properties within individual AZs has not been explored thus far. To address this question, we compared spatiotemporal properties of release sites evoked at low-frequency baseline (1 Hz) and during high-frequency (20 APs at 10 Hz) train stimulation ( Figure 4A , note that 10 Hz was the maximal stimulation frequency that permitted robust localization of two subsequent events during trains). First, we examined whether vesicle fusion at low-and high-frequency stimulation shares the same release sites. We found that the release sites that are used at 1 Hz stimulation are reused at both 1 Hz and 10 Hz with the same probability ( Figure 4C ). This is in contrast with the release pattern observed in the NMJ terminals, where a subset of AZs within a terminal is reused more frequently at elevated stimulus frequency, forming so-called hotspots of release (Gaffield et al., 2009; Melom et al., 2013) . We note, however, that experimental constraints imposed by the limited observation time and thus relatively low number of detected events limits our analysis to release sites engaged at both low and high frequencies and therefore does not exclude the presence of ''exclusive release sites'' that are used selectively at low or high frequencies. Next, we tested whether the frequency of release site reuse is activity dependent. We found that the proportion of release sites that are reused repeatedly is significantly decreased at 10 Hz compared to 1 Hz stimulation ( Figure 4D ). These measurements were normalized to the number of releases detected in each condition to account for the change in release probability during trains. To verify this result, we used a paired-pulse stimulation paradigm at 1,000 ms or 100 ms between pulses. For each stimulus pair, we then identified a subset of boutons in which release events were detected for both stimuli in the pair and then determined the probability that the two release events occur at the same release site. The reuse of the same release site by two subsequent stimuli was significantly reduced for a pair of stimuli at 100 ms compared to 1,000 ms ( Figure 4E ). This experiment places a lower-bound estimate on the recovery time of the site reuse capacity to be at least 100 ms. We note that our analyses do not distinguish whether such reduction in reuse capacity following a release event arises from release site refractory period (Neher, 2010) or is due to the time it takes to refill the site with a vesicle (Midorikawa and Sakaba, 2015) . Taken together, these observations suggest that the capacity for repeated use of release sites is reduced at higher stimulation frequency.
Finally, we tested whether the spatial distribution of release sites is activity dependent. We compared distribution of distances from each release event to the AZ center for all detected events and found a small, but significant, increase in the distance of release events from the AZ center at 10 Hz compared to 1 Hz stimulation ( Figure 4B ; p = 2.5EÀ6, two-sample K-S test). The mean distance of release events to the AZ center within each synapse was also significantly larger at 10 Hz than at 1 Hz stimulation ( Figure 4B , inset, p = 0.0011, t test). These analyses suggest that increased activity leads to preferential engagement of more peripherally located release sites, thus leading to spatially distributed release.
DISCUSSION
Our nanoscale imaging approach has enabled detection of vesicle fusion sites with high temporal and spatial precision and has demonstrated the presence of multiple discrete release sites distributed throughout individual AZs in central synapses. By comparing release patterns in the same synapses under different stimulation paradigms, we revealed activity-dependent changes in release site properties, particularly in reuse frequency and spatial distribution. Our results suggest that release site reuse is suppressed following a prior fusion event for a period of time, which we estimated to be over 100 ms. In this regard, having multiple release sites within the same AZ may allow synapses to effectively compensate for reduced site reuse capacity to sustain release at high frequencies. Multiple distributed release sites could also serve to promote the spreading of neurotransmitter release across the whole AZ, thus minimizing saturation of postsynaptic receptors and allowing synapses to sustain more robust response to elevated activity.
What is the molecular identity of the release sites we observed? One possibility is suggested by the recent 3D-STORM study, which identified nanoclusters of presynaptic proteins at the AZ enriched in key priming and docking factors, such as RIM1/2 (Tang et al., 2016) . These presynaptic nanoclusters co-localize with functionally identified sites of vesicle fusion in the hippocampal synapses and are aligned with nanoclusters of postsynaptic receptors (Tang et al., 2016 ). This possibility is further supported by the findings that removal of RIM1/2 drastically reduced the number of docked vesicles at the AZ (Han et al., 2011; Kaeser et al., 2011) . Indeed, the number of release sites that we observed here corresponds closely to the morphologically defined number of docked vesicles in 3D EM reconstructions of hippocampal synapses (Holderith et al., 2012; Schikorski and Stevens 1997) and of single AZs in the calyx of Held synapses (Taschenberger et al., 2002; Han et al., 2011) . Moreover, computational studies based on realistic 3D reconstruction of docked vesicle positions at the AZs with 5-11 release sites were able to reproduce key aspects of neurotransmitter release in the calyx of Held synapses, including release probability and kinetics (Keller et al., 2015) . Whether the release sites that we observed here represent the vesicle docking sites seen in many previous studies and correspond to the nanoclusters of RIM1/2 or other priming and docking factors will require further investigation.
While our measurements do not distinguish the causes of reduced release site availability following a prior event, one possible interpretation of this observation is that refilling at a release site takes longer than 100 ms. This is in a good agreement with the single-vesicle TIRF measurements from bipolar neurons (Zenisek et al., 2000) , suggesting a time constant for vesicle priming of $250 ms. Interestingly, two time constants were observed for physiological recovery of the readily (E) Proportion of release sites that are reused at different inter pulse times (1,000 ms; 100 ms) normalized to the value at 1,000 ms. n = 712, 386 pairs from 13 coverslips each, from 3 independent cultures each. Scale bars represent 1 mm.
releasable pool (490 ms and $4.3 s) (Pyott and Rosenmund, 2002) , and the recovery of docked vesicle pool was estimated at 3.8 s in hippocampal neurons using flash-and-freeze EM (Watanabe et al., 2013) . Our results thus fit with a model in which vesicles can enter a primed state on a timescale of a few hundred milliseconds, whereas docking requires several seconds. Neurotransmitter release at individual release sites is influenced by multiple factors, including prior vesicle position (Park et al., 2012) , release site refill time (Midorikawa and Sakaba, 2015) , and modulation of fusion pore kinetics (Jackson and Chapman, 2006) , all of which have been hypothesized to contribute to synaptic plasticity (Regehr, 2012) . Our findings that release site availability and spatial distribution are activity dependent add a new dimension to the repertoire of mechanisms underlying spatiotemporal regulation of neurotransmitter release.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS Neuronal Cell Cultures
Neuronal cultures were produced from the hippocampus of E16-17 rat pups of mixed gender as previously described (Peng et al., 2012) . Hippocampi were dissected from E16-17 pups, dissociated by papain digestion, and plated on coated glass coverslips. Neurons were cultured in Neurobasal media supplemented with B27. All animal procedures conformed to the guidelines approved by the Washington University Animal Studies Committee.
METHOD DETAILS Lentiviral Infection
VGlut1-pHluorin was generously provided by Drs. Robert Edward and Susan Voglmaier (UCSF) (Voglmaier et al., 2006) . Lentiviral vectors were generated by the Viral Vectors Core at Washington University. Hippocampal neuronal cultures were infected at DIV3.
Fluorescence Microscopy
All experiments were conducted at 37 C within a whole-microscope incubator (In Vivo Scientific) at DIV16-19. Neurons were perfused with bath solution (125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 15 mM Glucose, 50 mM DL-AP5, 10 mM CNQX adjusted to pH 7.4). Fluorescence was excited with a Lambda XL lamp (Sutter Instrument) through a 100x 1.45 NA oil-immersion objective and captured with a cooled EMCCD camera (Hamamatsu). With this configuration the effective pixel size was 80 nm. Focal plane was continuously monitored, and focal drift was automatically adjusted with $10 nm accuracy by an automated feedback focus control system (Ludl Electronics). Field stimulation was performed by using a pair of platinum electrodes and controlled by the software via Master-9 stimulus generator (A.M.P.I.). Images were acquired using two protocols: in Figures 1A-1H and Figures S1A and S1B, frame rate of 40 ms and an acquisition time of 38ms were used; In all other experiments two frames with an acquisition time of 40ms were acquired, one 45ms before stimulation and one coincidently (0ms delay) with stimulation.
FIB-SEM 3D Nanotomography
Coverslips were immersed in fixative containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.15 M cacodylate buffer containing 2mM CaCl 2 , pH 7.4 and allowed to fix at 37 C for and returned to the incubator for 5 min. Following this the samples were then transferred in the same solution to the refrigerator 4 C and continued to fix overnight. The following day, the coverslips were rinsed in cacodylate buffer 3 times for 10 min each, and subjected to a secondary fixation for one hour in 1% osmium tetroxide/1.5% potassium ferrocyanide in cacodylate buffer on ice. The samples were then washed in ultrapure water 3 times for 10 min each and en bloc stained for 1 hr with 2% aqueous uranyl acetate. After staining was complete, samples were briefly washed in ultrapure water, dehydrated in a graded acetone series (50%, 70%, 90%, 100% x2) for 10 min in each step, and infiltrated with microwave assistance (Pelco BioWave Pro, Redding, CA) into Durcupan resin. Samples were cured in an oven at 60 C for 48 hr. Once the resin was cured, the coverslips were etched away with hydrofluoric acid and the exposed cells were then excised with a jewelers saw and mounted onto SEM pins with silver epoxy. The blocks were then sputter coated with 10nm of iridium (Leica ACE 600, Vienna, Austria) with rotation on a planetary stage to ensure the entire block was coated. The samples were then loaded into a FIB-SEM (Zeiss Crossbeam 540, Oberkochen, Germany) and regions of interest were located by secondary electron imaging at 5 KeV. Once a region was found, the sample was prepared using the ATLAS (Fibics, Ottowa, Canada) 3D nanotomography routine. In short, a platinum pad was deposited on a 45mm x 45mm region of interest at 30 KeV and 1.5 nA. Three vertical lines for focus and stigmation and two angled lines for z-tracking were milled into the platinum pad at 50 pA, then filled with carbon at 300 pA to fill the tracking/alignment marks followed by an additional deposition of a protective pad at 1.5 nA. A rough trench 59mm wide and 25mm deep was then milled at 30 nA and polished at 7 nA. Once polished, face detection, focusing, and z-tracking was all performed on the fiducial marks that were milled into the platinum pad. Imaging was performed at 1.75 KeV and 1.5 nA using the ESB detector with a grid voltage of 1000 V. The block was milled at a current of 1.5 nA with 12 nm slices and 4000 3 1000 pixel images were acquired at a resolution of 12 nm/pixel with a dwell of 8 ms and a line average of 2 for a total z-depth of about 28 mm.
QUANTIFICATION AND STATISTICAL ANALYSES Image and Data Analysis
The fusion event localization at subpixel resolution was performed using custom-written MATLAB code based on the uTrack software package that was kindly made available by Dr. Gaudenz Danuser lab (Aguet et al., 2013; Jaqaman et al., 2008) . The input parameters for the PSF were determined using stationary green fluorescent 40 nm beads.
Localization precision was determined using two complementary approaches: (i) the theoretical method based on analytical formulation developed by Webb and colleagues (Thompson et al., 2002) , which is based on photon statistics of the signal and camera noise; (ii) directly from least-squares Gaussian fits of individual events as described in (Thomann et al., 2003) using in-built functions in uTrack software (Aguet et al., 2013; Jaqaman et al., 2008) . Spatial constraints of the vesicle lumen imply that only a few VGluTpHluorin molecules can be located within individual vesicle. Given our observations that the fluorescence signal evoked by vesicle fusion did not disperse significantly during our acquisition time of 40ms, the small number of VGluT-pHluorin molecules per vesicle and their lateral movement upon fusion, if present, do not strongly affect localization precision at the time our measurements are made. This notion is further supported by a close agreement between the theoretical estimates of localization accuracy based on Webb equation and direct estimates of localization accuracy based on least-squares fitting of the individual fusion event images.
Fusion event amplitude distribution was determined from analysis of boutons in which a fusion event was detected in the frame following a single AP stimulation. Changes in fluorescence intensity were determined as a difference in intensity of one frame before and one frame after stimulation, based on integrated fluorescence changes in a square ROI of 3x3 pixels centered at the peak pixel of localized event and factor corrected to represent the intensity value of the entire fusion event assuming a Gaussian distribution centered in the subpixel location of the event center and using a sigma of 120nm ( Figure 1J ). Failure (background) values were determined by applying the same procedure at boutons in which no fusion event was detected after one AP and, for each bouton, determining an average value for a set of ROIs centered at every pixel within the bouton.
Data Inclusion and Exclusion Criteria
A minimum of 5 detected release events per bouton was required for all analyses. A minimum of 10 detected release events per bouton was required for release site analyses (Figures 3 and 4) . Multi-quantal release events were detected infrequently and were excluded from all analyses.
Hierarchical Clustering Analysis
Hierarchical clustering was performed using in-built functions in MATLAB as described (Wang et al., 2016) . The inconsistency coefficient value for each node in the hierarchical cluster tree was calculated as the difference in height between the current link and the mean height of other links at the two levels adjacent to it, normalized by their standard deviation. Higher inconsistency coefficient means that the sub-clusters connected by the link are less similar (Wang et al., 2016; Zahl, 1971) . Inconsistency coefficient was determined for a visually identified subset of 200 synapses that had a high number of apparent clusters. An abrupt change in inconsistency coefficient is indicative of natural separation in the data (Wang et al., 2016) .
Statistical Analysis
Statistical analyses were performed in MATLAB. Shapiro-Wilk test was used to determine normality. Statistical significance was determined using two-sample two-tailed t test, Kolmogorov-Smirnov (K-S) test, or chi-square test, where appropriate. The number of experiments reported reflects the number of different cell cultures tested. The value of N is provided in the corresponding figure legends. Statistical tests used to measure significance are indicated in each figure legend along with the corresponding significance level (p value). Data are reported as mean ± SEM and p < 0.05 was considered statistically significant. Analysis of the samples was not blinded to condition. Randomization and sample size determination strategies are not applicable to this study and were not performed.
